Laser-driven ion acceleration is expected to be a new generation of advanced accelerators 1,2 for production of compact high-energy ion sources with unique properties, such as extreme laminarity and large flux. Prospective applications include proton radiography 3 , tumor therapy 4 , and nuclear physics 5 . However, most applications require generation of the ion beam with high energy (>100MeV) and small energy spread (< 10%), which has not been achieved yet and, in fact, is extremely challenging for the existing acceleration mechanisms [6] [7] [8] [9] [10] .
To date, two main mechanisms have been identified and widely investigated in both theory and experiments: target normal sheath acceleration (TNSA) and radiation pressure acceleration (RPA). In TNSA [11] [12] [13] [14] , linearly-polarized (LP) laser pulses are used to irradiate micrometer-scale targets, in which ions are accelerated by the electrostatic sheath field arising from thermal expansion of hot electrons generated by the J × B heating in front of the target, where the thermal pressure dominates. This thermal expansion process is intrinsic and robust, which makes TNSA easily accessible in experiments, but also uncontrollable, leading to a broad energy spectrum, low efficiency, and an unfavorable scaling for ion energy as a function of laser intensity as E i ∝ I 1/2 . In RPA [15] [16] [17] [18] [19] [20] [21] [22] , circularly-polarized (CP) laser pulses are used to irradiate nanometer-scale targets. Ions and electrons constituting a quasineutral plasma slab undergo synchronous acceleration directly by laser radiation pressure, which yields a) Correspondence should be addressed to: bqiao@pku.edu.cn higher efficiency, smaller energy spread and more promising scaling as E i ∝ I. Nevertheless, such synchronous acceleration is largely based on the dynamic balance between plasma charge separation potential and light pressure, which is very susceptible to the interface instabilities 16, 23 . In practical experiments 8, 19, 21 , the acceleration generally breaks prematurely, where the achievable ion energy is rather limited and the beam quality is heavily destroyed.
Besides the remarkable efforts devoted to the advancement of laser technology and targetry to improve the quality of laser-accelerated ion beams, the development of novel acceleration mechanisms may provide an alternative approach. On the other hand, the rapid progress of laser technology, in particular, intense few-cycle lasers [24] [25] [26] [27] [28] [29] , has necessarily brought novel mechanisms 30, 31 . For example, the Light wave synthesizer 20 32 delivers laser pulses with intensity 1.3 × 10 20 W/cm 2 and pulse duration 5.1fs, and the Petawatt field synthesizer (PFS) 26 under construction aims at 5J in 5fs (<2cycle).
In this Letter, we propose a scheme, named "electrostatic capacitance-type acceleration" (ECA), which is able to overcome the above obstacles from its essence and suitable for few-cycle laser devices. The acceleration process relies on the formation of an electrostatic capacitor by using a multispecies nanofoil target irradiated with an intense few-cycle laser in the blown-out regime, i.e., the radiation pressure much larger than the electrostatic pressure, which can be divided into two stages, shown as Fig. 1 . Firstly, because of the small areal density, the target is punched through directly. All nanofoil electrons are blown-out and accelerated forward quickly by the intense laser, forming a flying electron sheet that acts like the cathode of a capacitor, while the heavy ions left behind serve as an anode of the capacitor. Meanwhile, the laser energy is transformed into the electrostatic potential stored in the capacitor, like the capacitor charging stage. Afterwards, the light ions (protons) of the nanofoil are accelerated by the uniform electrostatic field between two nodes of the capacitor, during which the electrostatic potential energy is transferred to ion energy, like capacitor discharging. Because the charging and discharging stages are separated, which, different from RPA, does not need to keep the dynamic balance between the light and electrostatic pressures during acceleration, the ECA is rather stable and controllable, resulting in production of high-energy monoenergetic ion beams. Our theoretical studies have given the required laser and target conditions for this scheme, and shown that the ion peak energy scales as a function of laser energy as E i ∝ ξ L in the weak relativistic regime and E i ∝ √ ξ L in the ultrarelativistic limit. Large scale, three-dimensional (3D) particle-in-cell (PIC) simulations have verified the theory and shown that monoenergetic proton beams with peak energy > 100MeV can be obtained at laser energy ξ L ∼10J and GeV with ξ L ∼ 100J.
To get insight into the ECA dynamics, we start from single electron motion equations under laser fields E and B as well as the capacitor-like electrostatic field E x along x-direction as dp/dt = −e(E + v × B) − eE x and dγ/dt = −e(v · E + v · E x )/m e c 2 , where p = γm e v and γ = (1 + p 2 /m 2 e c 2 ) 1/2 are the electron momentum and relativistic factor, respectively. The CP laser is assumed to propagate along x-direction with nor-
, ω L and τ L are laser frequency and pulse duration. The assumption of the parallel-plate capacitor model is also taken so that E x = E c e x . Assuming the electron to be initially at rest, after some algebra, we obtain the electron motion equation in the transverse and longitudinal directions, respectively, as
where R represents the dephasing rate 33 . Eqs. (1)- (3) together describe the motion of the blown-out electrons from a multispecies nanofoil by lasers, which serve as the cathode of a capacitor in ECA. Here the role of E c is not only directly slowing down electron acceleration, but also is linked with the laser ponderomotive force through the dephasing rate R (R > 1), which both result in deceleration and eventually turning back of the blown-out electrons. When the electron turns backward at
, we easily get that
Further assuming all nanofoil electrons are blown-out quickly, we get E c ≈ 4πn e el. From Eqs. (3) and (4), we obtain the optimal condition of laser and foil parameters for the ECA scheme
with T 0 = 2π/ω L and n c = πm e c 2 /e 2 λ 2 , which is not only related to the target areal density, but also the pulse duration. This condition ensures radiation pressure is much larger than electrostatic pressure, which means the target thickness required for ECA is smaller than that for RPA at the same laser intensity 17, 18 . Meanwhile, from the ion motion equation d p i /dt = eE c , we can estimate the maximum ion energy as
From Eqs. (5) and (6), we conclude that, the ECA prefers fewcycle laser pulses, which means higher ion energies can be obtained with shorter durations, or more generally with steeper rising front of laser pulses [Eq. (2)]. Moreover, the condition to evacuate electrons completely from solid targets has always been determined from simulation results 31, 34 , here we derive its specific expression from theory and reveal its relationship with pulse duration [Eq. (5)]. To prove the above theory, 1D PIC simulations are firstly performed using the EPOCH code 35 . A CP laser propagating from the left boundary at x = −20λ with a 0 = 54 and λ = 800nm is incident on a diamondlike carbon (DLC) nanofoil at x = 0, whose electron density is n e = 385n c and thickness l = 4nm. The target is assumed to be fully-ionized initially since the laser intensity is much larger than the ionization potential of carbon ions 36 . The proton (H + ) to carbon ion (C 6+ ) density ratio is n ip : n ic = 1 : 9. The laser pulse is temporally sinusoidal with duration varying from τ L = 1 to 3T 0 . Fig. 2(a) ], all nanofoil electrons are blown out and pushed forward without heating by laser ponderomotive force, forming a dense flying electron sheet. Between this electron sheet (like a cathode) and the left nanofoil ions (like an anode), a uniform capacitor-like electrostatic field E x develops. Afterwards, due to larger charge-to-mass ratio, preferentially protons are accelerated homogeneously by this capacitor electric field until they encounter the backward electrons, shown as the black dots in inset of Fig. 2(b) . When a significant number of electrons turn backward (p x < 0) [ Fig. 2(c) ], E x decreases and evolves into a profile with a negative gradient. The proton acceleration becomes slower, but still keeps bunching (even compressed), because fast protons in front experience weaker E x acceleration while slow protons behind under stronger E x . Therefore, a high-quality energetic proton beam can be obtained and maintained for a long time in ECA, where the proton energy spectrum at t = 20T 0 is shown by the red solid line in Fig. 2(d) . For τ L varying from 1 to 3T 0 , simulations show that the time when the first electron turns backward is shifted earlier from 12.5T 0 to 6.75T 0 , within our expectation [Eq. (2)]. Proton energy spectra for τ L = 2 (blue) and 3T 0 (black) are also plotted in Fig. 2(d) , which clearly show that protons obtain higher energy by using shorter pulse duration, coinciding with Eq. (6) .
To show that the ECA scheme is not a 1D artefact, largescale 3D PIC simulations are run. The laser intensity keeps the same as 1D and the pulse profile is Gaussian distributed in both space and time with diameter d L = 10µm (full width at half maximum (FWHM) in intensity) and τ L = 8fs (FWHM). Due to limitation of computational resources, we reduce the electron density as n e = 64n c but increase its thickness as l = 18nm, so that keeping the same areal density 19 . Moreover, a transverse mass-limit-target (its transverse size is comparable to d L ) is used to avoid reduction of the longitudinal electrostatic field caused by the electron returning from the transverse edge. The simulation box size is 45.6µm × 30µm × 30µm, composed of 7600 × 1300 × 1300 grids. 400 particles per cell for each species are taken. The convolutional perfectly matched layer boundary conditions 37 are used. Figures 3(a) and 3(b) show isosurface plots of electron and ion densities at t = 5 and 32T 0 respectively. They together clearly demonstrate the dynamics of ECA in both charging and discharging stages, where protons (red) are firstly accelerated by the uniform E x (blue) and later by a bunching one with negative gradient since electrons (purple) turn backward. Because of finite spot size, the turning backward of electrons occurs firstly from the transverse edge and then to the center [ Fig. 3(b) ]. Eventually, a monoenergetic proton beam with peak energy 76MeV and energy spread only 8% is obtained [solid red line in Fig. 3(c) ], which proves that the effects of instabilities are not prominent in ECA even in 3D cases, unlike that in RPA. This is because that, on the one hand, in ECA the dynamic balance between the light and electrostatic pressure does not need to keep; on the other hand, the few-cycle pulse duration here may also be too short for instabilities to grow sufficiently. What's more, this narrow energy spectrum feature can be kept even for time much longer than the simulation window. A 3D PIC simulation with laser parameters same as the PFS (ξ L = 5J, τ L = 5fs and d L = 6µm) is also performed, which shows that a monoenergetic proton beams with peak energy ∼45MeV is obtained and also verifies the potential in ion acceleration for few-cycle laser devices. Now, let's discuss the scaling of ion energy in ECA. Since in a realistic multidimensional situation the laser has a finite spot size d L , the above theory and 1D simulations actually overestimate the final ion energy. This is because the assumption of parallel-plate capacitor model becomes invalid when the blown-out electron sheet (cathode) is accelerated over a distance d > d L , where the electrostatic field significantly decreases and acceleration efficiency heavily drops. To give the ion energy scaling, here we estimate the effective ion acceleration distance as x b ≈ d L . From Eq. (6), in the weak relativistic regime we easily obtain the final peak ion energy scales as
. Therefore, we conclude that in ECA, the peak ion energy scales as the laser energy as ξ i ∼ ξ L in the weak relativistic regime and ξ i ∼ √ ξ L in the ultrarelativistic limit, which means that higher ion energy can be obtained with larger laser energy. These scalings are much stronger than those of RPA, which are actually related to the pulse fluence and large laser spots are required 10, 18 .
To verify the scalings, a series of 2D simulations are performed, since 3D simulations need too large amounts of computer resources and the inherent physics is analogous to 2D. The laser energy varies from 1J to 1000J by ten typical cases (1J, 5J, 10J, 15J, 25J, 50J, 100J, 250 J, 500J and 1000J). The laser pulse is temporally and transversely Gaussian, similar to that in 3D. The spot size and the intensity of lasers vary simultaneously to verify the scaling, and, meanwhile, to also confirm the robustness of the scheme with small laser spot sizes down to radius of 2µm. Note that though the maximum intensity here is 1.35 × 10 23 W/cm 2 , the radiation reaction effect could be ignored, as electrons move in almost the same direction as the laser propagation direction in most of acceleration time and when they turn backward, their energies and the laser field they felt are very small 38 . The target parameters are similar to those in 1D simulations. Fig. 4(b) proves that the final peak ion energy increases almost linearly with laser energy as ξ i ∼ ξ L in the weak relativistic regime, which is consistent with the theory above. The ion energy ξ i can reach 1GeV with only ξ L ∼ 50J, an order of magnitude lower than that required by RPA 15, 17, 39 . When the ion energy is larger than 1GeV, the relativistic effect sets in and the scaling decreases to ξ i ∝ ξ 0.6 L . As the computational cost increases dramatically with laser energies, only several 3D simulations for this scaling study are carried out, whose results are shown by the black crosses in Fig. 4(b) . They prove that the linear scaling law is still valid in 3D, though the ion peak energies are comparatively lower than those in 2D, in consistence with that in Ref. 40 . More importantly, when laser energy is about 10J, a monoenergetic ion beam with peak energy about 130MeV (energy spread 8%) is obtained, which has not been achieved by RPA and/or other mechanisms yet in either experiments or simulations under the same ξ L . Also note that from Fig. 4(b) , we see that the ECA scheme is rather robust even for the spot size as small as radius of 2µm.
In summary, a scheme for achieving high-quality energetic ion beams, namely, "electrostatic capacitance-type acceleration" (ECA), by irradiation of a multi-species nanofoil target with an intense few-cycle laser pulse is proposed. This scheme is rather stable and efficient, which can also be used to accelerate heavy ions, such as carbon ions, only if a heavier ion substrate acts as the anode. Meanwhile, the acceleration keeps much longer and more efficient with an intense fewcycle CP laser pulse. Though circular-polarization is preferable, the ECA scheme also works with a LP laser, except that the obtained ion energy is slightly lower [see the green triangle point in Fig. 4(b) ]. More importantly, for comparatively long pulses, for example, 25fs (about 9 cycles), 2D simulations [purple triangle in Fig. 4(b) ] show that this scheme still works by using a "shutter" 41, 42 to steepen the laser rising front [Eq. (2) ]. Note that in the latter case, the laser energy is actually much larger than 10J as the other laser parameters keep unchanged. Here we plot these cases in the same value of the coordinate x to conveniently compare their peak energies. Laser energy (J)
